Abstract-Using a novel high-index glass material platform, integrated low-loss waveguides were fabricated and are shown to have excellent nonlinear properties. Through self-phase modulation measurements in a 45 cm long spiral waveguide, the Kerr nonlinearity is determined, and is estimated to be more than 200 times larger than that of single mode fibers. The excellent linear transmission together with absence of multi-photon absorption, for peak intensities up to 25 GW/cm 2 , offers a promising alternative for the fabrication of future nonlinear all-optical devices.
INTRODUCTION
Photonic research for telecommunications has become an important subject of investigation largely due to the high bandwidth and low energy costs of signal processing performed using photonics over electronics. The future development of all-optical networks will require optical materials that have attractive linear and nonlinear properties. Many signal processing application will require the use of nonlinear optical devices, such as wavelength converters and switches, for basic logic functions, as well as for routing and wavelength division (de) multiplexing schemes. There are still many challenges prior to the implementation of these devices, which ultimately will depend on the choice of a suitable optical material.
Conventional nonlinear materials include AlGaAs, LiNbO 3 , BBO and SOI [1] [2] [3] . Recently, very high index nonlinear glasses, such as Chalcogenides have also been explored as a nonlinear medium [4] . Whereas most of these materials have large nonlinear coefficients, many of them are also plagued by high scattering losses, nonlinear absorption and/or expensive/immature fabrication technologies [1] [2] [3] [4] . Waveguides made from these materials usually have a high index contrast. Whereas this is beneficial for tight bend radii and increased intensity levels (due to modal confinement), this also results in small structural dimensions required for the guides to maintain single mode operation, which in turn leads to increased scattering losses and a decrease in the buttcoupling efficiency to optical fibers. On the other hand, standard glass (fused silica) is not often viewed as a potential optical material due to its very weak nonlinear optical properties and low index, in spite of the excellent ease of fabrication and control of losses. In this paper we report a novel high-index glass waveguide having the attractive linear properties of conventional silica optical fibers, such as the absence of nonlinear absorption and small propagation losses, but also a moderately large Kerr nonlinearity, leading to a nonlinear parameter (γ) more than 200 times higher than that of optical fibers.
Moreover, we employ a 45 cm long waveguide confined in a 2.5 × 2.5 mm area chip with high energetic efficiency that is also fully pigtail for immediate fiber integration.
DEVICE
Hydex is a high optical index (n = 1.7) glass material developed by Little Optics in 2003 [5] . High index contrast waveguides are formed by surrounding a rectangular core of Hydex with fused silica. The high index contrast (∆n = 0.26) allows for tightly confined modes down to ∼1 µm dimensions. In addition to this, tight bends of less than 30 µm in radius are possible with negligible losses [6] . These waveguides have excellent sidewall verticality (< 1 degree), which in turn reduces scattering losses considerably. Hydex is deposited using Chemical Vapor Deposition (CVD); the waveguide cores are patterned using reactive ion etching and the stepper optical lithography tolerance far exceeds 100 nm. The unique character of our glass system is the CMOS fabrication compatibility that does not require any post-annealing, unlike similar glass systems such as SiON where temperatures greater than 1000 degrees are required to reduce losses [5] . These high-index glass waveguides have already shown much success in many applications including optical sensing of biomolecules using ring resonators [7] , and high-order filters with an 80 dB rejection ratio [6] .
In spite of the recent success associated to the use of Hydex waveguides, the nonlinear properties of this material have not been characterized yet. To determine the nonlinear properties of this material we used the 45 cm long spiral waveguide previously mentioned. The cross-sectional area of the core is 1.45 µm by 1.5 µm and is surrounded on all sides by silica. In order to optimize the coupling efficiency between the small 2.0 µm 2 effective area of the waveguide mode to that of a single mode fiber, tapers (fiber pigtails) were used. The designed mode converters have a low loss of 1.5 dB, a great improvement over inverse or horn tapers which often require complicated fabrication procedures and result in smaller conversion efficiencies [8] .
TRANSMISSION RESULTS
From low power transmission measurements (performed using a CW tunable laser) in different length waveguides, linear propagation losses for the waveguide were determined via a cut-back style procedure, and were determined to be as small as 0.06 dB/cm. Note that this extremely low loss is orders of magnitude better than what is available from current technological processes for high-index contrast AlGaAs and Si monomode waveguides, which have loss values on the order of a few dB/cm or more [1] [2] [3] . The total device insertion loss was determined to be 6 dB. Recent fourwave mixing experiments in the C-band in similar waveguides also implied that the total dispersion is expected to be quite low [9] . The low propagation losses, high throughput of the device and low dispersion present ideal characteristics for pulse propagation.
To understand if these low propagation losses would be maintained in the high power pulsed regime, the nonlinear transmission of the 45 cm waveguide was investigated using pulses of ∼450 fs duration from a mode-locked fiber laser. An erbium-doped fiber amplifier was used to amplify the pulse power, followed by an inline fiber attenuator to control the input power coupled into the waveguide, while the output average power was measured. Autocorrelation measurements were taken immediately before the waveguide input, from which we deduced the pulse duration and approximate shape. This was then used to relate the average power measured at the input of the waveguide to the peak power. The results, presented in Figure 1 , show a pure linear dependence with the output average power, implying that no multi-photon absorption was present up to the maximum power of 500 W (25 GW/cm 2 ) attainable with our laser system. Absence of nonlinear absorption, especially two-photon absorption, is of great importance in nonlinear signal processing. In particular, nonlinear absorption is often detrimental in many semiconductor waveguides such as in silicon-on-insulator [2, 10, 11].
SPECTRAL BROADENING EXPERIMENT
A particularly important parameter for nonlinear optical applications is the nonlinear-index coefficient, n 2 , and the nonlinear parameter, γ. Whereas n 2 is a material property which determines the effective nonlinear shift in the refractive index of the material, γ depends on the waveguide parameters and describes the strength of the Kerr nonlinear interactions within the waveguide (γ = 2πn 2 /λA eff , where λ is the pulse central wavelength, c is the speed of light and A eff is the effective area). We determine these parameters through self-phase modulation experiments, which have often been employed as a tool to measure both these parameters [2, 3] .
Pulses of 50 W peak power and 1.2 ps duration from a mode locked fiber laser were injected inside the 45 cm waveguide and output power spectra measurements were obtained using an optical spectrum analyzer. The results for the self-phase modulation are shown in Figure 2 . Simulations for the pulse propagation were performed according to the nonlinear Schrödinger equation:
where A is the slowly varying envelope of the electric field, α are the measured propagation losses, z is the propagation direction, T is the travelling time coordinate and β 2 is the group velocity dispersion. By varying the dispersion and nonlinear parameter, it was possible to fit the experimental data. The input pulse for the simulation was obtained from the experimentally measured input spectrum (by an inverse Fourier operation), with knowledge that the fiber laser emits almost transform limited pulses. A quadratic chirp was added to the temporal input pulse in order to match the evolution of the spectrum as a function of power (not shown here). The best fit was obtained when the nonlinear index coefficient was set to 1.1 × 10 −19 m 2 /W, which is approximately 5 times larger than the value found in silica glass. Finally, the dispersion was deduced to be small with minimal effect on the spectral broadening. From the measured value of n 2 , the nonlinear parameter was deduced to be 220 W −1 /Km, more than 200 times larger than in single mode fibers (1 W −1 /Km). This result agrees well with previous four-wave mixing experiments in a micro-ring resonator composed of the same waveguides [7] . It is important to note that the value of γ in typical semiconductors can far exceed this value (∼200,000 in SOI [2, 3, 11] ) due to smaller waveguide geometries and larger intrinsic nonlinear-index coefficients, but typical silicon based waveguides have strong nonlinear absorption, high linear propagation losses/insertion losses, as well as large dispersion values for non-tailored geometries [2, 11] . Significantly larger spectral broadening was obtained using 350 fs pulses of 240 W peak power. As it is shown in Figure 3 , from an input spectral width of 25 nm (at 1% power level) we obtain an output spectrum more than ten times larger. This interesting result suggests that possible supercontinuum and frequency mixing applications may be possible in this waveguide. 
CONCLUSIONS
Low-loss, high-index, integrated glass waveguides were shown to have excellent linear properties, with losses as low as 0.06 dB/cm and low dispersion in the C-band. The low cost, mature fabrication technology, fully CMOS compatible integration, coupled with already developed and low loss fiber pigtails shows promise for signal processing applications where moderate nonlinear interactions are required.
